S
urface ground penetrating radar (GPR) has been used to monitor infiltration processes as electromagnetic waves emitted from a GPR transmitting antenna are sensitive to soil moisture content (Huisman et al., 2003) and as it also allows nondestructive and noninvasive measurement of subsurface processes (Vellidis et al., 1990; Jadoon et al., 2012; Léger et al., 2014) . The use of multi-offset measurements is essential for quantifying the location of the wetting front during infiltration to further estimate soil hydraulic parameters. Despite its advantages, application of GPR to quantify infiltration processes in field soils has been limited because obtaining multi-offset gather (MOG) data, such as wide-angle reflection-refraction (WARR) or common-mid-point (CMP), in the field is usually time consuming. Mangel et al. (2012) developed an automated system to collect WARR data every 30 s during infiltration in a laboratoryscale sand tank. However, collecting MOG data in the field at short time intervals is still a challenge.
Recently, a family of array GPR was developed (e.g., Eide et al., 2014) . The basic concept is to electrically switch multiple antennas sequentially in milliseconds to scan subsurface processes with minimal effort. To our knowledge, it has not been fully investigated whether array GPR can be used in the field to monitor infiltration processes. The main objective of this study was therefore to determine if MOG obtained by array GPR could detect a wetting front seamlessly during vertical infiltration. In this letter, we report results of an experimental study conducted at a test site in Tottori Sand Dune, Japan (Fig. 1a) . To achieve the objective, we compared MOG signals with predicted signals based on independently obtained soil dielectric constant using a soil moisture sensor.
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Abstract: Because an array ground penetrating radar (GPR) electrically switches any antenna combinations sequentially in milliseconds, both common-offset gather (COG) and multi-offset gather (MOG) data can be acquired almost seamlessly. The main objective of this study was therefore to determine if COG and MOG surveys by array GPR, which allows 110 different antenna combinations, could detect a wetting front during vertical field infiltration. An infiltration experiment was conducted in an experimental field inside Tottori Sand Dune, Japan. Time-lapse radargrams of COG and MOG by array GPR clearly show the wetting front evolution with time. Reflection signals in MOG radargrams agree well with two-way travel times predicted from dielectric constant observed independently with a soil moisture sensor. This study confirms the usefulness of array GPR for monitoring and quantifying the infiltration process in the field. 
Core Ideas
• Array GPR can be used to monitor infiltration into sand dune seamlessly.
• Array GPR enables sequentially acquired multi-offset gather data.
• Array GPR data agree well with data measured independently with soil moisture sensors.
Materials and Methods
Array GPR
We used a 3D-Radar AS product (Eide et al., 2014) as an array GPR system in this study, which consists of an array of 10 transmitting antennas (Tx0-Tx9) and 11 receiving antennas (Rx0-Rx10) linearly aligned respectively (see Fig. 1b ). The system is a step frequency continuous wave form GPR operating over the frequency range of 100 to 3000 MHz. This array GPR system electrically switches any combinations of Rx-Tx antennas sequentially and seamlessly. In this study, we set up the GPR system to acquire 110 MOG by switching sequentially from Tx0 to Tx9, where each Tx was combined with 11 Rx. It took less than 1.5 s to scan for all 110 antenna combinations. By rearranging 110 scanned data, common-offset gather (COG) and CMP can be reconstructed. To construct the COG data, each Tx was combined with two closest Rx with 0.075-m offset. For the CMP data, because of the antenna array configuration, two different midpoints, one at the center of Tx4 and Rx5 and the other at the center of Tx5 and Rx5, were possible with a step size of 0.15 m and maximum offset of 1.425 m. Considering that one set of MOG measurement in the field with a conventional bistatic GPR system usually takes at least a few minutes depending on the step size and the maximum offset, as antennas have to be physically moved for each scan, this array GPR provides a huge advantage by being able to acquire MOG data in such a short time. Some disadvantages are that the maximum offset is limited to the maximum antenna separation, which is 1.425 m, and the antenna step size of 0.15 m is larger than typical CMP setups, which may affect the accuracy of velocity estimation. As larger arrays are available from the same vendor, it could be interesting to consider one of these for future tests.
Infiltration Experiment
The infiltration experiment was conducted in a large greenhouse facility of Arid Land Research Center at Tottori University located inside the Tottori Sand Dune (Fig. 1a) , where dune sands have been deposited for more than 30 m, resulting a uniform, thick dune sand layer. There was no cover crop inside the greenhouse. Depth to the water table was approximately 7 m. To supply water uniformly from the surface during the experiment, six 250-cm-long porous tubes were placed 15 cm apart on the surface (Fig. 1c) . After the array GPR was placed on top of the porous tubes, water was injected at the rate of 7000 cm 3 min −1
, equivalent to infiltration intensity of 32 cm h −1 , for 4 h. All predetermined Tx-Rx combinations were then seamlessly scanned for 4 h.
A Profile Probe (Delta-T Devices), a probe-type capacitance soil moisture sensor, was installed next to the antenna to independently measure the soil dielectric constant during the infiltration at the depths of 10, 20, 30, 40, 60, and 100 cm where sensors were mounted (Fig. 1d) . The Profile Probe has been successfully used at the study site to monitor soil moisture content accurately (e.g., Inoue et al., 2008) . At a given elapsed time, t, an average dielectric constant was computed from dielectric constants obtained at the depths where the wetting front had clearly crossed. The averaged dielectric constant, e r , was then used to compute the two-way travel time (TWTT), t c , of a given reflection at the depth d 0 for different Tx-Rx distance, x, using the following equation:
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where t 0 is the TWTT at zero offset determined from the CMP radargram and c is the velocity of light in free space. In the remainder of the letter, this t c is referred to as the predicted TWTT. By superposing t c on the array GPR radargram at t, we can quantitatively assess the validity of hyperbolic curves in MOG radargrams obtained by the array GPR. A similar approach was taken to obtain predicted travel time of the ground wave for the initial radargrams.
Results and Discussion
Figure 2 shows time-lapse panel diagrams of (a) MOG, (b) COG, and (c) CMP acquired during the first 60 min of the infiltration experiment. A cross-section of the COG diagram at the center is also shown in Fig. 2d . It must be stressed that MOG, COG, and CMP radargrams are available every 1.5 s. From all time-lapse diagrams, a strong reflection (indicated by an arrow in Fig. 2 ), which is a reflection from the wetting front, moving downward smoothly with time is clearly seen. At each elapsed time, hyperbolic shape curves that are needed for further velocity analysis can also be clearly observed in MOG and CMP. Figure 3 shows the radargrams of one MOG, the COG, and one CMP collected at t = 0, 30, 60, and 120 min. In each MOG radargram, the location of Tx is depicted with a red triangle. In addition to strong direct wave signals (air and ground waves), the initial COG radargram shows a few continuous reflections, which can also be found in the initial CMP and MOG radargrams. Light-blue dashed lines in the initial CMP and MOG radargrams depict the predicted ground wave signal. The ground wave signal in the array GPR radargram agrees well with the predicted signal.
The COG radargram at t = 60 min shows a continuous reflection around 18 ns, which is not observed in the initial COG radargram. The same signal can be found in the MOG and CMP radargrams. This reflection is from the wetting front as can be seen in Fig. 2d . To obtain predicted TWTT (light-blue dashed line in Fig. 3) , t 0 for t = 30, 60, and 120 was determined, respectively, as 10, 18, and 27 ns from the CMP radargrams. Predicted TWTT at three different times are all in good agreement with the hyperbolic curves observed in the MOG and CMP radargrams. This indicates that the array GPR used in this study can collect MOG data that are commonly collected with a conventional bistatic GPR.
In this letter, we demonstrated the use of the array GPR to acquire time-lapse MOG data seamlessly for monitoring and quantifying the infiltration process in the field soil. The results of this study look promising for nondestructive and quick characterization of the infiltration process. Further analysis, especially the velocity analysis using MOG and CMP, needs to be conducted to convert all time-to-position/offset radargrams to depth-to-position/offset plots. Since the array GPR allows us to generate such plot every 1.5 s, the location of the wetting front will be available almost seamlessly after such conversion. There have been no such data available for the field soil. The spatial distribution of unsaturated soil hydraulic parameters, such as water retention and hydraulic conductivity parameters, of the field soil can be then inversely determined from such information. This can be considered a major breakthrough in the field of soil physics or hydrology. 
